Significant extratropical surface air temperature variations arise due to teleconnections 25 induced by the Madden-Julian Oscillation (MJO). We elucidate the detailed physical 26 processes responsible for the development of temperature anomalies over Northern 27 Hemisphere continents in response to MJO-induced heating using an intraseasonal 28 perturbation thermodynamic equation and a wave activity tracing technique. A quantitative 29 assessment demonstrates that surface air temperature variations are due to dynamical 30 processes associated with a meridionally propagating Rossby wave train. Over East Asia, a 31 local Hadley circulation causes adiabatic subsidence following MJO phase 3 to be a main 32 driver for the warming. Meanwhile, for North America and Eastern Europe, horizontal 33 temperature advection by northerlies or southerlies is the key process for warming or cooling. 34 A ray tracing analysis illustrates that Rossby waves with zonal wavenumbers 2 and 3 35 influence the surface warming over North America and a faster wavenumber 4 affects surface 36 temperature over Eastern Europe. Although recent studies demonstrate the impacts of the 37 Arctic Oscillation, Arctic sea-ice melting and Eurasian snow cover variations on extremely 38 cold wintertime episodes over the NH extratropics, the weather and climate there are still 39 considerably modulated through teleconnections induced by the tropical heat forcing. In 40 addition, we show that the MJO is a real source of predictability for strong warm/cold events 41 over these continents, suggesting a higher possibility of making a skillful forecast of 42 temperature extremes with over one month of lead time. 43 44 45 3
where T is the temperature, ����⃗ is the horizontal velocity, and is the vertical velocity in 134 pressure coordinates. is the stability parameter expressed as = − with R 135 being the gas constant for dry air and the specific heat of dry air at constant pressure. 136 is the diabatic heating estimated from the apparent heat source of Yanai et al. (1973) . The first as the difference between the total anomaly and the MJO component. Using equation (2), the 148 intraseasonal perturbation thermodynamic equation takes the following form:
The left-hand term is the MJO temperature tendency term. The first three terms on the right-152 hand side of the equation are related to horizontal temperature advection, representing MJO 153 temperature advection by the time-mean wind, the advection of time-mean temperature by 154 the MJO horizontal wind, and the interaction between anomalies. The next three terms are 155 adiabatic heating and correspond to the interaction between the MJO temperature and the 156 time-mean vertical wind, the time-mean temperature and the MJO vertical wind, and the shown).
161
The circulation response to MJO forcing requires time for Rossby waves to propagate 162 meridionally, so the circulation anomaly formed by the MJO in the midlatitudes is the 163 lagged response (i.e., Matthews et al. 2004; Cassou 2008; Yoo et al. 2012a ). To incorporate 164 this fact, we integrate the individual terms in equation (3) from day 0 to lag t days for each 165 MJO phase. To examine the net effect of the MJO at any phase onward, the lag-0-day field is 166 assumed to be zero. The computation is performed by applying the following relation: Left panels of Fig. 3 show the temporal evolution of the integrated field for each 224 thermodynamic term over EA starting at phase 3. The tendency term ( Fig. 3a) indicates a 225 gradual increase of temperature anomalies with a peak of ~2.0 K appearing at the surface 226 between days 15 and 20. The dynamic term ( Fig. 3b ), calculated as a sum of the horizontal advection ( Fig. 3c ) and adiabatic vertical advection ( Fig. 3d ), has a pronounced similarity 228 with the tendency term. The diabatic term ( The time evolution of each term at the surface (see Fig. 6b Another prominent cold anomaly appears over Europe during phases 4 and 5 ( Fig. 1 ).
279
The cold anomaly over Eastern Europe (EE) starts to develop originally during phase 2, when 280 MJO convection is located in the central Indian Ocean (Fig. 2c ). At lag 0, a warm anomaly is 281 situated over this area (not shown); however, as time progresses, the warm anomaly weakens 282 and significant cooling occurs. The absolute magnitude of the cold anomaly (~2 K) is as large 283 as those over EA and NA (Fig. 2 ).
284
The cooling over EE also comes predominantly from dynamic processes as shown in Fig.   285 3. It is evident in the vertical structure that horizontal advective processes ( Fig. 3m ) cause 286 most of the total integrated temperature anomaly (Fig. 3k ). The cold anomaly exhibits a peak 287 value at the surface between days 10 and 15 (Fig. 3l ). The adiabatic term ( Fig. 3n ) is 288 negligible, and the diabatic term ( Fig. 3o) shows an opposite effect. Therefore, similar to the 289 NA case, horizontal advection tends to control the temperature anomaly strength from the 290 surface up to 300 hPa (see also Fig. 6c ) with the northerly wind anomalies induced in 291 between the anticyclonic anomaly over Northern Europe and the cyclonic anomaly over EE.
292
The decomposition of the advective term into its three components as shown in Equation (3) 293 suggests that the basic-state temperature advection due to the MJO-induced horizontal wind 294 anomaly contributes the most (Fig. 4h ).
For all these cases, nonlinear interaction in the temperature response to the MJO is 296 negligible so that the extratropical circulation response to the MJO forcing can be interpreted 297 as due to quasi-linear dynamics as stated in Seo and Son (2012). As seen in the above analyses, surface temperature variations over NA and EE are closely 301 related to Rossby wave propagation. To better understand these teleconnections, a ray tracing 302 method is performed for enhanced convection located over the Indian Ocean.
303
The Rossby wave ray tracing result from a 15-day integration of the initial MJO phase 2 304 (this is used as a representative phase) is presented in Fig. 7 , where the upper-troposphere 305 streamfunction anomaly fields are overlaid. The four lagged composite fields are merged into 306 one global streamfunction anomaly field (note that discontinuities are existent since no 307 smoothing is applied) to show a sequential evolution of the streamfunction anomaly as 308 evidence of Rossby wave propagation. In the figure, for the waves coming from enhanced 309 convection over the Indian Ocean (Fig. 7a ), only zonal wavenumbers 2 and 3 survive in 310 reaching the extratropics. The longer wave (zonal wavenumber 2) of the two propagates more 311 slowly and reaches a bit more to the north than the wavenumber 3 wave. The wave activity 312 for the other wavenumbers are trapped or dissipated near the critical latitudes located around 313 the equatorial region; all these are in good agreement with Rossby wave dispersion theory.
314
For the waves emitted from suppressed convection over the western Pacific (Fig. 7b Ambrizzi 1993) along which the calculated stationary total wavenumber is locally maximized 326 as shown in Fig. 8 . This is consistent with Rossby wave theory where the ray tends to refract 327 toward the higher stationary total wavenumber region. Note also that all these waves tend to 328 bend back toward the equator several days later, affecting equatorial circulation and A question arises as to how much MJO forcing affects strong temperature events over 340 these continents. We use the total temperature anomaly data rather than the intraseasonally filtered anomaly so not to be subject to real-time bandpass filtering, allowing us to consider a 342 more practically useful diagnostic. A strong warm (cold) temperature event during DJF is 343 defined as a case with a normalized temperature anomaly averaged over EA, NA, and EE 344 being greater (less) than 1.0 (-1.0) standard deviation. This is equivalent to approximately an 345 upper 15th percentile event. The domain-averaged standard deviation is approximately 4-7 K.
346
The probability of occurrence of extreme events over EA is presented for phase 3 and those 347 over NA for phase 1.5 and over EE for phase 2 (Fig. 9 ). Over EA, the extreme event 348 percentage increases until day 20. In particular, the occurrence probability of extreme 349 warming events over central China is more than 40%. The EA-domain averaged occurrence 350 probability is ~30%. For NA, the probability is smaller than that of EA. However, the Finally, it should also be noted that the MJO is expected to strengthen in a warming Right two panels are the same as the left panels except lagged from an initial MJO phase 1.5 560 for NA (middle panels) and from an initial MJO phase 2 for EE (right panels). A Monte Carlo 561 test is performed by using 500 random samples and the gray dotted area represents significant 562 regions at the 95% confidence level. is presented at days 0, 5, 10, and 15 after the initial MJO phase 2 in the left to right panels.
616
The four lagged composite fields (lags 0 through 15) are merged into one global 617 streamfunction anomaly field for explicit demonstration of the teleconnection pattern induced by Rossby wave propagation. phase 3 for EA and at phase 1.5 for NA and at phase 2 for EE. A strong warming (cooling) 628 event is defined as the case with the normalized temperature greater (less) than 1.0 (-1.0) 629 sigma. One standard deviation averaged over each domain is 3.9 K for EA, 6.3 K for NA, and Right two panels are the same as the left panels except lagged from an initial MJO phase 1.5 650 for NA (middle panels) and from an initial MJO phase 2 for EE (right panels). A Monte Carlo 651 test is performed by using 500 random samples and the gray dotted area represents significant 652 regions at the 95% confidence level. is presented at days 0, 5, 10, and 15 after the initial MJO phase 2 in the left to right panels.
717
The four lagged composite fields (lags 0 through 15) are merged into one global 718 streamfunction anomaly field for explicit demonstration of the teleconnection pattern induced 719 by Rossby wave propagation. Rossby wave propagation route from the west Pacific. Fig. 9 . The percentage of occurrence rates of strong warming events over EA and NA, and of 731 strong cooling event over EE. All fields are integrated from lag 0 to lags 5, 10, 15, and 20 at 732 phase 3 for EA and at phase 1.5 for NA and at phase 2 for EE. A strong warming (cooling) 733 event is defined as the case with the normalized temperature greater (less) than 1.0 (-1.0) 734 sigma. One standard deviation averaged over each domain is 3.9 K for EA, 6.3 K for NA, and 735 6.8 K for EE. The dataset used is the HadGHCND gridded station temperature dataset. Dots 736 indicate significant regions at the 95% confidence level. 
